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Preface 


At  the  request  of  the  National  Aeronautics  and 
Space  Administration  (NASA)  and  the  Consumer  Product  Safety 
Commission  (CPSC),  the  Committee  on  Fire  Toxicology  has 
undertaken  the  tasks  of  evaluating  the  state-of -knowledge 
in  fire  toxicology  and  recommending  guidelines  for  establish- 
ing standard  approaches  for  testing  the  toxicity  of  polymeric 
materials  in  fires.  Both  NASA  and  CPSC  have  concerns  for  the 
toxicity  of  pyrolysis/combustion  products  of  polymers; 
however,  the  type  of  polymer  of  concern  to  each  agency  may 
vary  greatly  due  to  its  use.  For  example,  the  thermally 
resistant  polymer  used  to  insulate  the  electrical  system 
in  an  aircraft  and  the  polymer  used  in  household  furnishings 
may  be  vastly  different  materials. 
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I.  INTRODUCTION 

Kites  in  the  United  States  tiave  become  a very  serious  concern. 

They  cause  an  estimated  12,000  deaths,  300,000  injuries,  and  $11.4 
billion  in  property  damage  annually  In  the  United  States. This  nation 
leads  the  industrialized  world  in  fire  deaths  per  capita.  The  rate  is 
nearly  twice  that  of  secoud-iauking  Canada.  The  n^ajority  of  fire 
victims  die  by  inhaling  smoke  or  toxic  gases  well  before  the  flames 
have  reached  them. 

One  approach  to  decreasing  fire  damage  has  been  to  reduce  the 
f lanmvability  of  materials  used  to  construct  and  furnish  buildings  and 
transportation  systems.  Flammability  standards  have  already  been 
established  for  many  items  such  as  carpets  and  mattresses.  Because 
flame  retardants  are  often  used  to  meet  the  flammability  standards, 
their  production  rates  have  increased  dramatically  during  the  past 
decade. 

Because  this  approach  does  not  address  the  problem  of  smoke  and 
toxic  gases,  it  may  not  decrease  deaths  or  injury.  Flame  retardants 
can  undergo  pyrolysis  when  exposed  to  heat  and  may  produce  products 
that  are  more  toxic  than  those  that  would  result  from  flaming  of  the 
untreated  combustible  material.^®  Untreated  wool  produces  primarily 
carbon  dioxide,  water,  carbon  monoxide  and  nitrogen  oxides  under  flaming 
conditions;  however,  during  pyrolysis,  hydrogen  cyanide  and  organic 
cyanides  are  produced.  The  deaths  of  some  aircraft  crash  victims  have 
been  attributed  to  poisoning  by  combinations  of  carbon  monoxide  and 
hydrogen  cyanide. 

The  state-of-the-art  in  fire  toxicology  is  considerably  under- 
developed when  compared  to  other  areas  of  toxicology.  Relatively 
standard  approaches  are  used  to  evaluate  the  toxicity  of  food  additives, 
drugs,  cosmetics,  and  pesticides;  however,  no  sucii  approaches  have  been 
developed  to  evaluate  the  toxicity  of  products  resulting  from  the 
pyrolysis  and  combustion  of  materials.  The  rapid  growth  of  the 
synthetic  polymer  industry  lias  significantly  increased  both  the 
quantity  and  types  of  materials  involved  in  fires.  Investigations  on 
the  toxlcities  of  pyrolysis  and  combustion  products  began  in  the 
fifties.  Many  of  the  publications  that  resulted  deal  with  the  types 
of  gases  produced  from  the  different  polymers.  Standard  approaches 
need  to  be  developed  to  assist  engineers  in  selecting  materials  for 
specific  uses  based  partly  on  the  toxicity  of  their  pyrolysis/combustion 
products . 
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l^sed  on  Its  literature  review,  presentations  by  selected 
researchers  to  the  conmilttee,  and  the  experience  ot  its  members,  the 
committee  concluded  th.at  there  are  no  acceptable  screening  tests  to 
evaluate  relative  toxicities  of  pvrolvsis  and  combustion  products  of 
polymeric  materials.  All  present  methods  h.ave  one  or  more  shortcomings. 

It  further  concluded  that  the  state-of-knowledge  in  fire  toxicology 
precludes  the  establishment  of  a standard  protocol  for  screening  materials. 
However,  the  committee  has  deveioped  some  guidelines  that  would  limit 
the  variables  so  that  the  data  obtained  could  serve  as  a basis  for 
devising  screening  systems  and  results  could  be  compared  among  labora- 
tories . 

There  is  an  urgent  need  for  reliabie  screening  methods  to  identi- 
fy materials  which  evolve  highly  toxic  products  when  subjected  to 
either  pyrolvsis  or  flaming  conditions.  An  adequate  screening  method 
should  provide  a basis  for  ranking  materials  into  toxicity  groups; 
however,  relevance  to  the  real  fire  situation  would  depend  on  the 
intended  use  of  the  materials  and  other  factors.  Since  incapacitation 
is  related  to  the  ability  to  escape  the  fire  scene,  this  end  point 
should  be  stressed  in  any  screening  method  as  well  as  the  measurement 
of  acute  toxicity.  Toxicity  data  must  be  used  to  evaluate  hazard. 

Shortcomings  and  limitations  of  all  screening  procedures  must  be 
emphasized.  To  be  practical,  a screening  method  must  be  economical 
and  relatively  easy  to  conduct.  This  probably  eliminates  tests 
simulating  a large-scale  "real  fire"  situation;  however,  it  is  important 
tliat  the  toxic  py rolys i s /combus t ion  products  produced  in  a screening 
system  be  representative  of  those  occurring  in  a "real  fire".  Since 
the  screening  system  is  designed  to  identify  highly  toxic  materials 
and  to  rank  materials,  the  primary  toxic  agent  might  not  be  identified 
nor  would  the  mechanism  of  toxicity  be  determined.  The  results  from 
screening  systems  for  determining  the  toxicity  of  pyrolysis /combustion 
products  are  comparable  to  "range-finding"  studies  used  to  determine 
the  toxicity  of  chemicals.  In  many  cases,  a screening  system  will  not 
provide  all  the  information  required  about  the  material;  however,  the 
results  should  certainly  provide  a sound  basis  for  planning  more 
definitive  experiments. 

This  report  briefly  describes  most  of  the  current  methodologies 
used  to  investigate  the  toxicity  of  pyrolysis  and  combustion  products. 
Although  many  gaps  in  the  scientific  knowledge  must  be  filled  before 
protocols  for  standardized  screening  methods  can  be  written  on  a 
scientifically  sound  basis,  the  committee  has  recommended  guidelines 
for  developing  screening  systems.  These  guidelines  limit  the  number 
of  variables  in  a screening  method  in  three  major  areas:  burn  conditions, 

exposure  conditions,  and  end  points. 

Itetailed  recommendations  cannot  always  be  made  due  to  the  state-of- 
knowledge.  For  example,  the  committee  considers  the  measurement  of 
incapaci tat  ion  to  be  the  most  Important  end  point;  however,  no  one 
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method  can  be  recommended  at  this  time.  TTiis  report  points  out  these 
areas  in  which  research  is  needed.  They  are  important  for  developing 
the  basis  for  fire  toxicology  screening  systems,  and  are  not  an 
inclusive  list  of  research  needs  in  the  general  area  of  tire  toxicology. 


This  document  is  directed  toward  those  persons  in  government  and 
industry  who  are  primarily  concerned  with  reproducible  standard 
methods  for  screening  materials  for  fire  toxicity. 
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RIIVILV  OF  METHUDOLOCT 


The  report  by  /lapp'^'^  marked  the  beginning  of  fire  toxicology. 

It  contained  the  assessment  of  toxic  factors  created  by  fire  as  well 
as  protective  measures  against  injury  due  to  fire.  He  reported 
that  excessive  concentrations  of  carbon  monoxide  and  deficiencies  of 
oxygen  - not  direct  thermal  effects  - were  the  predominant  lethal 
factors . 


In  1954,  Coleman  and  Thomas^^  emphasized  the  necessity  of 
determining  whether  any  special  fire  hazards  could  result  from  new 
polymeric  materials.  They  stressed  the  need  to  investigate  tlie 
possible  formation  of  toxic  gaseous  products  during  the  combustion 
or  decomposition  of  these  materials.  They  degraded  chlorinated 
plastics  and  determined  their  thermal  decomposition  products,  which 
were  primarily  hydrogen  chloride,  carbon  monoxide,  and  carbon  dioxide. 
Considerable  quantities  of  hydrogen  chloride,  corresponding  to  30X  of 
the  chlorine  content  of  the  original  materials,  were  evolved  at  the 
comparatively  low  temperature  of  300°C.  Traces  of  carbonyl  chloride 
were  evolved  in  some  instances,  but  the  quantities  were  small  compared 
with  those  of  the  other  gases.  Materials  decomposed  included  chlorinated 
polymethyl  methacrylate,  polyvinyl  chloride,  vinyl  chloride  and 
vinylidene  chloride  copolvTner,  and  stabilized  polyvinyl  chlorides. 


In  1962  MacFarland  and  l.eong29  reported  the  hazards  from  the 
thermal  decomposition  of  polyurethane,  polyurethane-coated  nylon, 
and  epoxy  resins.  In  the  same  year,  Zapp^*^  discussed  the  toxicity  of 
the  thermal  decomposition  products.  He  compared  the  mortality  of  rats 
exposed  to  the  decomposition  products  of  different  plastics  produced 
under  the  same  conditions.  He  concluded,  "In  Judging  the  safety  of  a 
synthetic  resin  for  a proposed  use,  tlie  hazard  from  combustion  or 
thermal  decomposition  should  be  compared  under  equivalent  conditions 
with  that  of  alternative  materials  which  have,  if  possible,  a history 
of  similar  use." 
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In  1968,  MacFarland  discussed  the  problems  of  defining  the 
toxicity  of  the  pyrolysis  products  of  plastics.  These  problems  Included 
dosage  and  variable  decomposition  products  depending  on  the  burn 
conditions  as  well  as  the  composition  of  the  plastic.  In  1970, 

Autian^  reviewed  the  toxicity  of  a number  of  combustion  products.  Me 
discussed  the  needs  for  testing  and  for  the  development  of  standardized 
toxicity  testing  procedures.  This  need  still  exists  and  will  be 
discussed  later.  A similar,  less  Intensive  review  from  Autlan's 
laboratory  ^ emphasized  the  urgent  need  to  develop  standard  testing 
systems  for  rating  the  toxicity  of  burning  materials.  two  separate  tests 
were  recommended  on  the  same  material,  one  heating  without  the  introduction 


4 


T 


'T 


of  flame  and  the  other  with  flame. 


Recent  Iv.  numerons  report.s  on  the  toxicity  of  pyro  1 ys  i s / combus  t ion 
products  and  on  various  evaluative  methodologies  have  been  published. 

In  this  report  the  coinmitiee  lias  icviewed  those  methodologies  that 
have  been  or  are  being  used  for  polymers.  Many  of  these  methods  were 
designed  for  research  and  were  not  intended  to  be  applied  as  screening 
methods . 

It  was  recognized  in  the  Federal  Republic  of  Germany  that  a 
.standard  mi  • lv<d  should  be  deve’  tped  and  that  an  appropriate  way  to 
assess  the  hazards  of  the  pvrolysi.s  products  of  a syninetic  material 
was  to  compare  their  toxic  effects  with  those  of  products  formed  by  a 
conventional  ma i er la 1 . 1 he  proposed  standard  method  was  limited 
to  smoldering  conai lions. 

In  agreement  with  the  German  Commission  of  Standards,  an 
apparatus  was  developed  tDTN  fraft  53  436  of  .August  I9bb)^^  to  administer 
the  toxic  product  to  test  animals.  Essentially,  the  apparatus  consists 
of  a fused  silica  tube  at  least  1,000  mm  long  with  an  outside  diameter 
of  40  mm  and  a wall  thickness  of  ? mm.  An  annular  electric  oven  tightly 
enclosing  the  tuli  is  moved  around  the  tube.  I'he  oven  is  moved  over 
the  sample  at  the  rate  ot  10  mm/min  against  the  airstream.  Kimmerle's 
conditions  tor  testing  are  as  follows:  Temperature  of  pvrolysis 

varies  from  200^C-600°C  in  Increments  of  50°;  air  is  supplied  to  the 
combustion  chamber  at  a rate  of  100  liters/hr,  and  air  is  mixed  with 
the  p.rol  sis  pr.->d"cts  at  (00  or  300  liters^hr.  The  exposure  chamber 
IS  a 50-l'i»''-  t'ov  connected  ' o ' ni  combustion  chamber  hv  a glass  tube 
which  has  ' vo  angles  one,  approximately  45°  and  the  other  about  150°. 

With  ''ir  apparatus,  the  *'eads  of  twentv  male  rats  are  exposed 
lor  30  min.  The  observation  period  is  nonnally  1 days  but  is  extended 
to  14,  if  necessary.  ('onco'it  ra  t i ous  of  the  most  important  gases  are 
analyzed  during  the  test;  ca rboxyhemog lobin  determinations  and  swimming 
tests  are  conducted  at  the  end  of  the  exposure.  For  comparing  the 
toxicities  of  the  pvrolysis  products,  emphasis  is  placed  on  the  temper- 
ature range  between  those  where  no  deaths  occurred  and  those  where 
deaths  did  occur  with  a given  weight  or  given  volume  of  sample.  Based 
on  equal  volumes,  polystyrene  was  the  safest  material  tested;  polyethylene, 
cork,  pine  wood  and  .spruce  p I vwood  were  in  an  intermediate  group;  and 
polyvinyl  chloride,  wood-chipboard,  insulating  board,  hard  board,  and 
nitrocellulose  were  the  most  toxic.  Based  on  equal  weights,  pine  wood 
drops  to  a lower  temperature  toxicitv  group.  A number  of  building 
materials  were  compared  based  on  equal  volumes.  None  of  the  synthetic 
polymers  tested  produced  deaths  below  400“C;  however,  spruce  wood  and 
cork  produced  deaths  at  350°C  and  300°C,  respectively. 

Hoffmann  and  I'ettcl^'^  J».,c’,oi).  d a lest  apparatus  that  complies 
with  the  it-mpiiai'  r .'.;i.,iliec  "u  the  diati  standard  DIN  53436  except 


the  value  of  the  temperature  is  read  without  the  1.5  min  delay  in  the 
standard.  Again  the  oven  is  passed  over  the  sample  at  a velocity  of 
10  ram'min.  Air  at  a rate  of  100  liters,  hr  is  forced  through  tlie  tube 
counter  to  the  motion  of  t!ie  oven.  At  the  other  end  of  the  oven,  this 
current  of  air  and  pyrolysis  products  are  mixed  witli  fresh  air  admitted 
at  100  litersOir.  The  combined  mixture  is  led  through  a glass  distribu- 
tor to  rats  which  are  kept  in  six  small  glass  respiration  chambers.  The 
decomposition  temperatures  are  300°C,  400°C,  500“C,  and  600°C.  As  a 
rule,  the  exposure  period  is  30  min  and  the  experiments  are  repeated 
once  or  twice  for  a total  of  12  to  18  animals  at  each  temperature. 
Immediately  in  front  of  the  respiration  chambers  the  carbon  monoxide 
content  of  the  fumes  is  measured.  Imraediatelv  after  the  exposure, 
the  carboxyhemoglobin  content  of  the  animals'  blood  is  determined. 

Death  is  the  other  end  point.  With  sample  weights  of  5 g,  a number 
of  expanded  polystyrenes  were  found  to  produce  no  deaths  when  pyrolyzed 
at  400°C  or  below.  Expanded  cork  and  rubber  produced  deaths  when 
pyrolyzed  at  400°C;  wool,  pine  wood,  felt  and  leather  produced  deaths  when 
pyrolyzed  at  300°C,  which  was  the  lowest  temperature  used. 

Kishitani  and  .Nakamura*"”  have  described  two  test  methods,  one  for 
basic  research  and  the  other  as  a new  method  for  judging  the  safety  of 
a building  material  during  a fire.  The  research  test  apparatus  is 
composed  of  a combustion  furnace,  exposure  chamber,  and  movement - 
detecting  device.  The  combustion  furnace  has  a gas  burner  and  a 
quartz  tube  system  with  which  the  interior  of  the  tube  can  be  kept  at 
a constant  temperature.  The  combustion  products  generated  are  led  by 
a natural  draft  into  a 56-liter  exposure  chamber  made  of  transparent 
glass  which  contains  the  movement  detection  device.  The  natural  draft 
is  created  during  the  test  by  an  exhaust  at  a rate  of  4 liters/min 
from  the  exposure  chamber  through  a smoke  concentration  meter.  The  three 
levels  of  heating  temperatures  are  350°C,  500°C  and  750°C.  The  testing 
time  is  15  min.  The  smoke  and  carbon  monoxide  concentrations  are 
measured  continuously  and  a sample  of  gas  is  collected  from  the  exposure 
chamber  every  1 to  3 min.  to  analyze  for  hydrogen  cvanide  or  hydrogen 
chloride.  Mice  that  survive  the  test  are  observed  for  1 week. 

The  second  test  apparatus,  developed  for  the  screening  of  toxicity 
of  building  materials,  consists  of  a combustion  furnace, dilution 
chamber,  exposure  chamber,  and  movement  detection  device.  The 
specimen  is  heated  by  radiation  from  a 1.5  kw  electric  heater  and  a 
propane  gas  flame  (contacting  the  bottom  part  of  the  surface  of  the 
specimen)  from  a gas  burner.  Three  liters  of  air  and  0.35  liter  of 
propane  gas  are  mixed  every  minute  and  delivered  to  the  gas  burner; 

25  liters  of  air  are  delivered  further  into  the  combustion  furnace 
each  minute.  The  combustion  products  generated  from  the  specimen 
as  a result  of  tlie  heating  enter  a 0.5  m^  dilution  chamber  where  they 
are  adjusted  to  a suitable  temperat^ire  and  concentration.  they  are  then 
led  to  the  exposure  cltamber  througli  a connecting  tube  with  an  inner 
diameter  of  5 cm.  The  exposure  chamber  is  a 0.5  m^  stainless  steel 
cube  with  a vent  liole  on  one  side.  In  the  exposure  chamber  there  are 
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eight  movement -det ect ing  devices,  both  "revolving"  and  "strain"  types, 
each  containing  one  mouse.  Samples  are  heated  with  the  gas  burner  for 
the  first  3 mm;  then  ladia.ion  heat  is  added  for  the  next  3 min.  After 
heating  is  slopped,  exposures  continue  for  9 min  more,  making  the 
exposure  period  a total  of  15  min.  A part  of  the  gases  produced  is 
vented  from  the  connecting  tube  at  a rate  of  10  liters'min  to  reduce 
the  quantity  of  combustion  products  entering  the  exposure  cliamber. 

The  temperature  inside  the  exposure  chamber  is  maintained  at  30“C. 
Throughout  the  testing  period,  the  concentrations  of  carbon  monoxide, 
carbon  dioxide,  and  oxygen  within  the  exposure  chamber  and  the  exhaust 
temperature  are  measured  continuously.  Analyses  are  also  made  for 
hydrogen  cyanide  and  tiydrogen  chloride.  Toxicity  evaluation  is  based 
on  the  state  of  activity  of  the  mice.  The  combustion  products  impeded 
activity  of  the  mice  even  wnen  concentrat ions  were  fairly  low.  This 
suggests  that  humans  in  a burning  building  could  become  incapable  of 
freely  performing  evacuation  activities  at  the  early  stages  of  a fire 
due  to  toxicities  of  the  combustion  products. 

Carter  e^  a_l.  have  described  a modified  142-liter  Bethlehem 
exposure  chamber  with  Plexiglas  replacing  the  glass  viewport.  One 
viewport  was  removed  and  replaced  with  an  airlock  constructed  so  that  the 
door  on  the  chamber  end  of  the  airlock  can  be  opened  remotely  from  the 
outside.  A stainless  steel  wire  partition  confines  the  rats  to  the 
forward  third  of  the  chamber  where  the  pyrolysate  is  introduced.  The 
pyrolysis  chamber  consists  of  a 1-in  diameter  stainless  steel  tube 
wliich  delivers  the  pyrolysate  directly  into  the  exposure  chamber.  A 
Lindberg  furnace  equipped  with  a teinperature  controller  produces  the 
thermal  decomposition.  After  the  sample  is  placed  in  the  pyrolysis 
tube,  the  pressure  in  the  system  is  reduced  to  t>00  torr.  The  preheated 
furnace  is  placed  aiou.icl  tne  pvrolysis  tube  below  the  sample.  The  tube 
is  then  heated  for  10  min  prior  to  introduction  of  the  sample.  With 
the  furnace  and  the  pyrolysis  tube  at  temperature  equilibrium,  air 
flow  is  initiated  through  the  saniple  tube  from  a compressed  air  source 
at  a rate  of  100  cm^/min.  The  sample  is  then  moved  into  the  hot  zone 
wiiere  pyrolysis  is  initiated  wiiile  the  air  flow  moves  the  pyrolvsate 
into  the  exposure  chamber.  After  30  min,  when  complete  pyrolysis  is 
assured,  the  furnace  is  removed.  The  air  flow  is  then  increased  to 
bring  the  internal  system  to  ambient  pressure,  simultaneously  swee-.ing 
any  residual  pyrolysis  products  out  of  the  combustion  tube  and  i:  o the 
exposure  chamber.  After  the  30-min  exposures,  the  rats  are  removed 
and  observed. 

In  this  method,  acute  toxicity  studies  are  based  on  48-hr  postexposure 
sur.’lval.  Gross  and  h i s t opathologica  1 examinations  are  perfonned  on 
all  rats  that  survive  this  period  and,  where  possible,  on  those  that 
expire  earlier.  Carboxyhemoglobin  is  measured  to  determine  if  letiial 
levels  are  reached  during  the  exposures.  Samples  for  quantitating 
carbon  monoxide  and  carbon  dioxide  concentrations  in  the  chamber  are 
obtained  0,  auu  jU  mir  uuijug  tlie  exposures.  Pyrolysis  tests  are 

conducted  at  550°C  and  800"C,  and  the  amount  of  polymer  for  an  1.C50  is 


del  ennined . 


Dressier'"'  has  designed  an  apparai  us  that  includes  a combustion 
chamber,  animal  cliamber,  various  valves,  and  sampling  ports.  The 
animal  chamber  provides  for  the  simultaneous  exposure  of  lb  animals 
(rats’!,  unrestrained  and  uuanest  het  i zed , in  individual  cages.  One 
port  provides  for  an  envi roiunental  aualvsis;  the  other  for  ongoing 
physiological  monitoring.  All  parts  of  the  apparatus  are  Pyrex 
with  Teflon  gaskets,  except  for  the  modified  sel f-cleanlng  oven. 

This  facilitates  cleaning,  a prerequisite  for  obtaining  reproducible 
results.  The  fuel  load  is  placed  in  tlie  combustion  chamber  on  a 
weight  or  volume  basis.  A radiant  heat  source  is  used  to  either 
smolder  or  ignite  the  load  at  a predesignated  temperature.  The  smoke 
is  cooled  by  being  drawn  by  in-line  fans  through  a length  of  pipe.  If 
increased  temperature  is  desired,  a heating  element  of  Nichrome"  wire 
is  placed  in-line;  otherwise,  the  smoke  proceeds  either  through  a 
bvpass  or  into  the  animal  chamber.  Following  this,  the  smoke  is  either 
vented  or  returned  on  a closed  circuit  to  the  combustion  chamber. 

Periodic  samples  are  monitored  by  gas  chroma ' ograpliy , and  both  the 
temperature  of  the  combustion  cliamber  and  animal  chamber  are  monitored. 
Selected  animals  are  also  monitored  for  temperature,  respiratory  rate, 
heart  rate,  electrocardiogram,  carboxyhemoglobln,  blood  pH,  and  blood 
gases.  Animals  are  exposed  for  15  min  to  smoke  produced  from  the 
burning  of  acrylic  carpet,  nylon  carpet,  vinyl  flooring,  urethane 
and  rayon  upholstery,  and  vinyl  and  paper  wall  covering.  Aircraft  carpet 
materials  have  also  been  tested  by  this  method.'^ 

Cornish  ^ aj_. have  reported  results  from  two  drastically 
different  exposure  systems.  Only  male  rats  were  studied  under  both 
exposure  conditions. 

Static  Chamber:  Groups  of  animals  (usually  151  are  exposed  to 

the  combustion  products  of  the  sample  in  a 1,500-liter  stainless 
steel  chamber.  Polymers  are  combusted  in  a Vycor  tube  that  is 
wrapped  with  resistance  wire.  Combustion  temperature  is  usually 
reached  within  1 to  2 min.  A 700‘’C  temperature  is  maintained  for 
b to  10  min.  Fifteen  animals  are  kept  in  the  static  chamber  and 
exposed  to  the  combustion  products,  both  vapors  and  particulate 
matter,  for  A hr.  Animals  are  serially  sacrificed,  five  immediately 
after  exposure,  five  at  24-36  hrs,  and  five  at  7 days  for  blood  and 
tissue  analyses  and  for  histological  studies.  Carboxyhemoglobln 
determinations  are  made  at  the  end  of  tlie  exposure  period.  To 
determine  tlie  approximate  I.C50  for  a particular  polymer,  groups 
of  15  animals  are  exposed  in  the  static  chamber  to  the  combustion 
products  of  increasing  quantities  of  the  polymer  being  evaluated. 

These  animals  are  observed  for  7 days  after  exposure  to  determine 
delayed  mortality. 

rt/namlc  Chamber:  In  this  system  the  sample  is  decomposed  in  a 

ceramic  boat  placed  in  a combustion  furnace  that  is  programmed  for 
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temperature  increases  at  tlie  rate  of  Tlte  temperature  is 

measured  in  the  rombusiion  boat  by  a tliermocouple.  It  usually  reaches 
a maximum  of  approximately  700°C  after  140  min,  at  which  time  pyrolysis 
is  essentially  complete.  During  the  pyrolysis,  1 liter  of  air^min  is 
passed  over  the  sample.  This  airstream  is  cooled  by  dilution  with  an 
additional  2 liters  of  air/min  prior  to  its  entry  into  ttie  animal 
exposure  cliamber.  The  animals  are  exposed  in  a Pyrejf"  glass  tube 
containing  small  chambers  that  are  constructed  so  that  only  tlte  rat's 
nose  is  exposed  to  a flow  of  diluted  pyrolysis  materials. 

The  two  exposure  conditions  described  by  Cornish  et^  al. 14 
are  obviously  very  different.  In  the  static  chamber  the  animals  are 
exposed  to  the  total  produ«'ts  of  combustion  for  a 4-hr  period.  In  the 
dynamic  system  the  animals  are  exposed  to  the  thermal  degradation 
products  only  during  the  time  that  they  are  actually  being  released 
from  the  polvmer,  since  the  airstream  carries  the  gases  past  the 
animal  and  out  into  the  exhaust  system.  Thus,  in  the  dynamic  chamber, 
the  animals  may  be  exposed  to  a specific  decomposition  product  for 
a relatively  short  time  as  products  vary  at  different  temperatures. 
Another  difference  is  that  volatile  organics  produced  from  the 
decomposing  polymer  are  likely  to  be  burned  because  of  the  flaming 
in  the  static  chamber  in  contrast  to  the  pyrolysis  in  the  dynamic 
system.  Concentrations  of  carbon  monoxide,  hydrogen  chloride,  hydrogen 
cvanide,  and  oxides  of  nitrogen  are  monitored  in  both  exposure  chambers. 
The  natural  product,  wool,  was  among  the  least  toxic  when  rapidlv  com- 
busted, but  among  the  most  toxic  after  slow  pyrolysis. 

Moreci  et_  ^.32  have  extensively  modified  a National  Bureau  of 
Standards  (NBS)  Smoke  Cliamberl9  to  expose  mice  to  the  gaseous  products 
of  pyrolysis.  The  apparaMis  consists  essentially  of  a metallic  chamber 
to  which  is  attached  a Plexiglas'''  ductwork  for  observation  and  exposure 
of  test  animals  to  circulating  gases.  A radiant  heater  with  a power 
output  of  2.5  W/cm2  is  used  to  heat  the  materials  being  evaluated.  The 
ductwork  contains  an  animal  test  chamber  in  which  a group  of  four  mice 
can  move  freely.  A cylindrical  holder  restrains  one  animal.  Monitoring 
usually  includes  electrocardiograms  and  recording  of  respiratory 
movements.  Oxvgen,  carbon  monoxide,  and  temperature  are  monitored 
in  the  exposure  chamber.  Periodic  gas  samples  are  collected  from 
the  chamber  for  later  analysis  by  gasMiquid  chromatography  and 
mass  spectrometry.  The  duration  of  the  pyrolysis  varies  with  each 
experiment.  It  usually  ranges  from  20  to  36  minutes.  The  experiments 
are  terminated  wiien  the  animals  die  or  appear  to  be  at  the  point  of 
death.  In  the  latter  situation,  the  animals  are  immediately  transported 
from  the  exposure  chamber  to  fresh  air  to  see  if  they  will  recover. 
Survivors  are  held  for  1 week  after  exposure.  Temperature  in  tlie 
animal  exposure  chamber  does  not  exceed  34°C  and  oxygen  never  falls 
below  17.57.  ResuWq  of  investigations  using  this  system  indicate 
that  unique  tbermodecomp'^®  i t i o”  prod'icts  of  the  polymeric  materials 
(chlorinated  aromatic  polyamide  and  a copolymer  of  vinylidene  fluoride 
and  hexa f luoropropene ) are  nii>ie  toxic  to  mice  than  are  the  products 
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from  cotton  under  similar,  controlled  conditions. 

Montgomery  aJL.^l  have  described  a static  exposure  apparatus 
consisting  of  two  separate  stainless  steel  chambers,  each  measuring 
I'  X 1'  base  X 2'  height  and  coated  on  the  inside  with  poly t et ra f luoro- 
ethylene  (PTFE)  to  mlnimlre  adsorption  of  polar  molecules.  These 
chambers  are  placed  about  a foot  apart  and  connected  by  2"  diameter 
pipes.  Observation  portholes  of  Lucite"  abrasion-resistant  sheet  are 
located  in  the  front  of  the  cliambers.  A 10-p  polymer  sheet  is  placed 
on  a glass  hanger  in  tiie  right  of  the  combustion  chamber.  The  lower 
edge  of  the  test  polymer  is  placed  3/4  inch  above  the  flame  source 
w'nicii  is  a horison'.al  torch  regulated  to  give  six  3-lncti  jets  of  flame. 

Tlie  30-sec  burn  time  is  counted  from  contact  of  the  polymer  with  the 
flame  to  torcli  shut-off.  No  attempt  is  made  to  extinguish  the  polymer 
if  it  continues  to  burn  after  the  torch  is  extinguished.  A blower 
in  the  top  of  the  rlglit  chamber  circulates  gaseous  combustion  products 
and  soot.  In  the  left  or  animal  chamber,  six  albino  rats  are  exposed 
from  ignition  through  the  30-sec  burn  time  and  for  1 hr  thereafter 
at  wtiich  time  the  rats  are  removed  from  the  chamber.  During  the 
exposure,  tlie  concentrations  of  oxygen,  carbon  monoxide,  nitrogen 
oxides,  carbon  dioxide,  hydrogen  cyanide,  and  ammonia  are  determined. 
Depending  on  the  composition  of  the  product  being  tested,  analysis 
may  be  made  for  hydrogen  chloride,  hydrogen  bromide,  or  sulfur  dioxide. 
Exposure  chamber  temperatures  are  less  than  33°C.  Analytical  data  on 
the  chamber  atmosphere  and  the  mortality  ratio  are  correlated  with  the 
weight  of  the  burned  portion  of  the  sample.  Montgomery  e^  a_l . ^ ^ suggested 
that  LD50  and  ED50  data  for  principal  combustion  gases  be  established. 

ED50  is  that  dose  that  will  produce  a specified  effect  in  507„  of  the 
animals.  It  was  also  suggested  that  ED50  criteria  need  to  be  generated. 

Jouany  ej^  aj_.  have  described  a system  for  the  evaluation  of 
the  toxicity  of  combustion  products.  The  annular  furnace  technique 
produces  combustion  or  pyrolysis  with  a maximum  temperature  of  1,000°C. 
Combustion  In  wlilch  the  air  and  the  furnace  move  in  the  same  direction 
is  irregular  and  best  represents  a real  fire.  Flaming  combustion  is 
at  840°C  with  excess  oxygen  (airflow  at  120  liters/hr);  pyrolysis 
occurs  at  400°C  to  500“C  with  limited  oxygen  (airflow  at  20  llters/hrj 
After  pyrolysis,  oxygen  is  added  to  the  products  prior  to  animal 
exposure.  The  gases  are  mixed  and  cooled  to  room  temperature.  Oxygen, 
carbon  dioxide,  carbon  monoxide,  and  other  important  toxic  substances 
(e.g.,  hydrogen  chloride  and  hydrogen  cyanide)  are  measured  continuously 
by  aliquots.  The  various  weights  of  the  materials  are  recorded  in 
grams  per  cubic  meter  of  air.  The  animals  (rats  or  rabbits)  are 
exposed  for  30  min,  the  maximum  time  generally  accepted  by  firemen 
that  is  needed  to  give  assistance  with  efficacy;  the  immediate 
recovery  period  lasts  4 hr.  The  combustion  or  pyrolysis  products 
reach  the  pulmonary  alveoli  by  tracheotomy  and  controlled  ventilation. 
Arterial  blood  is  monitored  for  carbon  monoxide,  carbon  hemoglobin, 
partial  pressures  of  oxygen  and  carbon  dioxide  and  blood  pH.  In 
addition,  free  breathing  experiments  are  conducted.  Cardiovascular 
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and  central  nervous  svstem  activities  are  recorded  continuously  by  elec- 
trocardiograms , rcadi  n^s  of  arterial  pressure,  and  electroencephalograms. 
Using  these  data,  a three-coordinate  diagram  called  a "phys iogram, " can 
be  developed  for  comparisons  of  effects  among  major  toxicants  alone 
and  with  associated  toxicants. 

Smith  ^ aj_.  ^ place  their  samples  into  a 2-inch  diameter  Vycor 
combustion  tube  which  is  then  inserted  into  a closed  preheated  furnace. 
Samples  are  burned  at  bOO°C.  Tlie  system  insures  an  oxidative  burn  by 
recirculating  the  gases  within  the  closed  system  through  the  burn  zone 
at  a flow  rate  of  4 liters/min.  Oxygen  concentration  is  monitored 
and  maintained  within  907„  of  normal  atmosphere  by  manual  addition  of 
oxvgen.  The  total  volume  of  12.6  liters  includes  the  recirculation 
pathway  and  the  animal  chamber  of  10"  x 10"  x 10"  constructed  of  1/4" 
Plexiglas^.  White  rats  are  exposed  in  groups  of  three  in  three 
cylindrical  cages  rotating  at  6 rpm,  wiiich  enables  the  investigator  to 
make  a very  precise  determination  of  the  time  to  physical  incapacitation 
The  average  temperature  within  the  chamber  is  kept  at  or  below  32°C; 
typically  it  averages  28°C.  Sample  size  is  adjusted  so  that  a response 
can  be  observed  within  30  min.  Hydrogen  cyanide,  carbon  monoxide, 
carbon  dioxide,  and  oxygen  are  monitored  at  various  intervals  during 
the  experiments.  Survivors  of  the  30-min  exposure  are  observed  for 
7 days  or  more.  Results  from  the  burning  of  the  test  materials  are 
compared  based  on  times  to  physical  incapacitation  and  to  death. 

Potts  and  Lederer^^  have  exposed  animals  to  the  products  of 
combustion  or  pyrolysis  in  a cubic  chamber  having  a volume  of  160  liters 
The  sides  and  front  are  constructed  of  glass;  the  top,  bottom,  and 
back  are  made  of  stainless  steel.  Heat  is  supplied  by  an  electric 
furnace  containing  a stainless  steel  cylindrical  cup.  A cylindrical 
quartz  beaker,  6 cm  in  diameter  and  12  cm  high,  slip-fits  into  the 
stainless  steel  cup.  The  upper  lip  of  the  beaker  slightly  protrudes 
above  the  top  of  the  steel  box  encasing  the  furnace.  A thermocouple, 
which  is  placed  at  the  junction  of  the  bottom  and  side,  controls  the 
electrical  heat  input  via  a pyrometer  and  maintains  the  temperature 
at  the  preset  level  to  + 15“C.  Initial  experiments  with  no  animals 
present  determine  the  temperature  that  readily  sustains  complete 
combustion  of  the  sample,  after  ignition.  To  Initiate  an  exposure, 
a few  drops  of  ethanol  are  placed  on  the  sample  which  is  then  dropped 
into  the  preheated  furnace.  It  is  immediately  ignited  with  a spark-gap 
located  in  the  mouth  of  the  beaker.  The  combustion  is  carefully 
observed.  Should  the  flame  go  out  at  any  time,  it  is  immediately 
reignited  with  the  spark. 

For  pyrolysis,  the  temperature  selected  is  the  maximum  to  which 
the  sample  can  be  heated  without  causing  self-ignit ion.  Rats  are  ob- 
served throughout  the  30-mln  exposure  and  for  30  min  postexposure. 

Rats  that  die  during  the  exposure  are  subjected  to  gross  pathological 
examination.  The  survivors  are  observed  periodically  for  14  days 
pustexposure.  They  are  then  sacrificed  by  anesthesia.  A few  are 
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subjecied  to  gross  pathological  examination.  Ttie  amount  of  material 
decomposed  Is  determined  bv  weigiilng  tiie  sample  before  and  after  the 
pyrolvsis.  The  air  temperature  in  the  cliamtier  is  monitored  and  does 
not  exceed  35°C.  Carbon  monoxide,  carbon  dioxide,  nitrogen,  oxygen, 
nitrogen  oxides,  hydrogen  cvanide,  forma  1 deity de , acrolein,  and 
certain  otiier  possible  products  generated  by  tlie  sample  are  monitored 
at  regular  intervals.  Fatalities  and  body  weight  changes,  wiiich  are 
the  most  objective  end  points,  are  the  basis  for  the  conclusions  drawn 
in  tiiis  study.  Ihe  following  materials  itave  been  combusted  in  this 
teclinique:  red  oak,  yellow  pine,  fire  plN'wood,  corrugated  cardboard, 
cotton  linters,  three  formulai  i on.a  of  polystyrene,  and  rigid  urethane 
foam. 

The  method  of  Marie  e^  aj.-  consists  of  an  exposure  chamber 
wtiich  is  a glass  cylinder  25  cm  long  with  a 10.5  cm  diameter.  It  is 
fitted  with  a groundglass  cover  containing  a 1.5  cm  diameter  entry 
port  and  a glass  diffusion  plate  for  i/T^i^prs ion  of  the  decomposition 
products.  A 2 cm  diameter  exit  is  used  to*V^^ust  the  chamber.  Four 
albino  male  mice  are  exposed  simultaneously  to^^ch  concentration  of  the 
decomposition  products.  The  mice  are  pos 1 1 loned^%^  sma 1 1 , cylindrical 
restraining  tubes  so  that  their  heads  protrude  into"  he  exposure 
chamber.  Respiratory  rate  is  monitored  by  a pressure  transducer  that 
is  connected  to  a port  on  the  sealed  tune.  The  decomposition  furnace 
has  a linear  temperature  programmer  that  insures  uniform  heating  of 
the  sample.  The  temperature  is  monitored  with  a recording  pyrometer 
and  a heating  rate  of  25°C/min  is  used.  Airflow  through  the  furnace 
is  2 liters/min;  however,  the  concentration  of  the  decomposition 
products  is  changed  by  varying  the  airflow  through  the  exposure 
chamber  (up  to  100  liter/minl;  this  keeps  the  amount  of  sample  de- 
cixnposed  constant.  In  the  case  of  highly  irritating  products,  the 
concentrat ion  is  changed  by  burning  less  material  and  holding  the 
exposure  airflow  constant  (100  liters/min).  After  the  mice  have 
been  been  secured  in  the  exposure  chamber,  the  respiratory  rate  is 
recorded  for  2 min  before  the  decomposition  is  started,  thus  giving 
the  control  value.  Monitoring  of  the  respiratory  rate  continues 
during  the  appearance  of  visible  smoke  and  terminates  5 min  after 
the  smoke  disappears.  Tlie  percentage  decrease  in  respiration  rate 
during  the  exposure  period  is  calculated.  Dose-response  curves  are 
determined  for  each  material.  The  RD50  values  (the  concentration 
required  to  decrease  the  respiratory  rate  by  50°/,)  is  determined. 

Thermal  gravimetric  analysis  (TCA)  curves  are  recorded  to  indicate 
wlien  the  decomposition  occurs.  To  characterize  the  decomposition 
products  of  some  polvuretliane  foams,  gases  are  analyzed  by 
chromatography  and  mass  spectrometry.  Based  on  Investigations  of 
sensory  Irritation  of  the  upper  respiratory  tracts  In  mice 
and  humans  by  various  chemicals,!  Alarle  e^  fj.- ^ offer  the 
following  speculations,  as  listed  In  Table  I. 
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Table  T.  Speculations  on  Response  in  Humans  from  Results 
Obtained  in  Mice. 


I^xposure  of  Mice 


Predicted  reactions  of  humans 


Concent  rat  ion  Rn50  Intolerable  and  rapidly  incapacitating 

Concentration  WlO  RD50  Slightly  irritating  with  burning 

sensation  of  the  eye-nose-throat 

Concentration  IMOO  RD50  Tolerable  with  very  slight  or  no 

irritating  sensation 

In  the  screening  method  developed  by  Rider  e^  aj^.  a known 
amount  of  material  is  subjected  to  radiant  heat  at  a rate  of  2.5  w/cm^. 
Ten  rats  are  exposed  to  the  emissions  of  the  materials  in  a chamber 
connected  by  a tube  to  the  combustion  chamber.  They  are  observed 
until  507„  + 10/»  fatalities  occur.  Survivors  are  observed  for  14  days 
after  exposure  for  changes  in  behavioral  responses  as  well  as  for 
mortality.  The  radiant  heat  source  is  housed  in  all-glass,  20  liter 
heating  chamber,  which  is  used  for  oxidative  pyrolysis  of  the  study 
materials.  The  pyrolysis  products  are  ducted  through  a top  port  to 
a glass  40-liter  exposure  chamber.  Sufficient  oxygen  (>  167) 
is  maintained  by  adding  air  to  the  system  at  the  rate  of  8 liters/min. 
After  a 5-min  preheat  period,  the  sample  is  placed  on  the  heating 
element  and  the  exposure  begins.  The  following  observations  are 
made  throughout  the  exposure  period:  oxygen  content  of  the  exposure 

chamber,  temperature  in  the  exposure  chamber,  animal  behavior,  and 
time  of  death  of  each  test  animal.  At  the  time  of  death  of  the 
fourth  and/or  fifth  test  animal,  the  flow  of  oxidative  pyrolysis 
products  into  the  exposure  chamber  is  terminated.  The  survivors  are 
observed  for  14  days  after  exposure.  The  upper  limit  for  temperature 
in  the  exposure  chamber  is  30°C  in  this  method,  and  the  exposures  do 
not  exceed  30  min.  Blood  samples  from  two  of  the  dead  rats  are  drawn 
from  the  aorta  for  carboxyhemoglobin  analysis.  No  attempt  is  made  to 
evaluate  relative  oxygen  depletion  or  incapacitation  as  a factor  that 
may  lead  to  fire  fatality.  Studies  using  this  methodology  have  been 
conducted  on  samples  of  polvvinyl  chloride,  styrene,  urethane  foam, 
southern  white  pine,  red  oak,  and  wool. 

Petajan  e^  aj_.^*^  described  the  technique  In  which  extreme 
toxicity  from  the  combustion  products  of  a fire-retarded  polyurethane 
foam  was  observed.  Ixing-Evans  rats  are  exposed  in  a chamber  designed 
by  the  National  Bureau  of  Standards  for  smoke  density  research.  The 
chamber  is  equipped  with  a heater  modified  to  give  a radiant -energy 
flux  of  5 W/cffl2.  Four  rats  are  held  radially  nose-to-nose  in  slings 
that  permit  free  movement  of  legs  and  head.  In  this  position  all 
animals  inhale  smoke  from  the  same  zone.  The  blood  of  one  of  the 
animals  is  removed  by  Intraarterial  cannulatlon.  The  blood  samples 


are  analyzed  tor  hemoj^lohin  and  ca  rboxvhemog  lob  i n.  The  rate  of  return 
to  a baseline  carboxvhemoglobin  level  is  used  lo  indicate  the  efficiency 
of  pulmonarv  function.  Clinical  signs  are  recorded  and  animals  are 
subjected  to  gross  pathology  examination. 


39 

Petaian  described  experiments  in  wliich  one  rat  Is  exposed  in  a 
"static"  chamber,  wiiich  is  a 40-liter  acrylic  glass-lined  box.  Fluxes 
of  1 to  7.5  V.'/cm'^  are  used  to  combust  materials  in  both  the  flaming  and 
nonflaming  modes.  Conditioned  avoidance  responses  are  studied.  In 
each  experiment,  the  rat  is  trained  to  avoid  a sliock  that  is  delivered 
to  its  left  iiind  foot  on  contact  with  a metal  plate  located  a 
predetermined  distance  below  tlie  foot.  Pe'ponses  to  polyquinoxaline 
foam,  trimethyloi  propane-based  polyurethane  foam  with  a phosphate- 
containing  fire  retardant,  and  polyvinyl  chloride  foam  were  described. 
N’umerous  blood  parameters  including  blood  counts,  oxyhemoglobin, 
carboxyhemoglobin,  hemoglobin,  blood  pH,  and  partial  pressures  of 
carbon  dioxide  and  oxygen,  are  monitored  at  intervals  up  to  35  min 
from  start  of  exposure.  The  work  illustrates  the  various  examples  of 
intoxication  syndromes  from  materials. 
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Nunez  and  Autian  have  described  three  distinct  approaches  to 
fire  toxicology  studies,  all  of  which  have  been  used  in  their 
laboratory.  In  one,  the  combustion  chamber  has  an  Infrared  gas  burner 
mounted  in  the  top.  Heat  is  reflected  down  on  the  sample,  which  rests 
on  a metal  support  grid  directly  under  the  burner.  The  combustion 
cliamber  is  mounted  on  one  end  of  the  exposure  chamber.  Ten  rats  are 
held  individually  in  stainless  steel  cages  in  the  exposure  cliamber,  which 
is  equipped  with  circulating  fans  and  a thermometer.  The  total  capaci  ty 
of  the  two  chambers  is  462  liters.  A weighed  sample  is  placed  on  the 
support  grid  and  raised  to  within  5 cm  of  the  ignited  burner  in  the 
presence  of  a 10  liters/min  airflow  through  the  combustion  and  exposure 
chambers.  The  sample  usually  bursts  into  flames.  Three  minutes  after 
ignition  tlie  burner  is  turned  off,  the  air  flow  stopped,  and  the  exhaust 
tube  sealed  with  a diaphragm.  The  rats  remain  in  the  exposure  chamber 
for  2 hr  during  which  time  the  chamber  atmosphere  is  chemically  analyzed. 
Surviving  rats  are  removed  and  kept  for  2 weeks,  postexposute. 

The  second  approach  of  Nunez  and  Autian^^  involves  pyrolyzing  the 
material  slowly  in  a quartz  furnace,  by  increasing  the  temperature 
10°C/min.  The  products  are  transferred  via  a flexible  Teflon^  tube 
into  a 63-liter  exposure  chamber.  The  quartz  furnace  tube  is  25  mm 
inside  diameter  with  thermocouples  to  measure  the  air  temperature  in 
the  vicinity  of  the  sample.  The  airflow  rate  is  1.0  llter/min  before 
the  furnace  tube  and  an  additional  0.5  liter/mln  after  it  passes 
through  the  sample  tube.  Four  rats  are  individually  caged  in  the 
exposure  cliamber  which  is  equipped  with  the  thermocouple  and  a 
magnetically  driven  circulating  fan.  Folded  fabric  samples  are 
placed  in  the  center  of  the  furnace.  The  run  is  initiated  by  temperature 
programming  at  a rate  of  lO“C/min  and  terminated  at  the  maximum  tempera- 
ture (the  temperature,  determined  by  thennogravimetric  analysis,  at 
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which  no  further  degradation  occurs  plus  50°C).  The  airflow  and 
exposure  are  continued  for  1 hour  after  the  termination  of  heating. 

I he  survivors  are  then  removed  and  maintained  for  14  days.  As  in  the 
previously  described  combustion  experiments,  the  amount  of  material 
required  to  kill  half  the  animals  may  be  evaluated  and  a comparison 
scale  constructed. 


rheir  third  method  used  the  hyperbaric  chamber  apparatus  as 
previously  described  bv  Carter  e^  aj^.  ^ In  all  approaches,  the 
exposure  chamber  atmosphere  is  sampled  periodically  for  carbon  monoxide 
by  gas  chromatography.  Oxygen  is  monitored  by  a paramagnetic  analyzer. 
Bendix  gas  detector  tubes  are  used  to  check  for  hydrogen  cyanide, 
phosphine,  etc.  Rats  that  die  during  the  experiment  are  autopsied, 
and  gross  histopathologica 1 observations  are  recorded.  The  relative 
carboxyheraoglobin  content  of  the  rats'  blood  is  determined. 


The  literature  also  contains  descriptions  of  three  exposure 
chambers  that  can  be  used  either  with  combustion  sources  or  as  portable 
chambers  in  a larger  fire  situation.  Hilado^O  described  a National 
.Aeronautics  and  Space  Administration  (NASA)  chamber,  which  is  constructed 
of  clear  polymethylmethacrylate.  The  chamber  is  composed  of  two 
sections  - an  upper  dome  and  a lower  base.  The  diameter  of  both  is 
20.3  cm.  For  short -exposure  acute  toxicity  tests,  the  chamber  can 
accommodate  up  to  six  mice  or  two  rats.  Instrumentation  of  one  test 
animal  provides  useful  information  on  responses  such  as  respiration 
rate  and  electrocardiograph.  The  chamber  may  accommodate  two  small 
exercise  wheels  without  external  drive. 


2 1 

Hi  lado  ^ have  recently  developed  a te.st  apparatus  in  which  a 

pyrolysis  tube  is  connected  to  the  exposure  chamber.  A tare  weight  is 
obtained  before  and  after  pyrolyzlng  the  sample  so  that  the  weight  of  the 
pyrolyzed  sample  can  be  calculated.  The  mice  are  placed  in  the  exposure 
chamber  and  given  5 min  to  adjust  to  their  surroundings.  After  both 
the  sample  and  animals  are  in  place,  the  system  is  sealed  and  the 
furnace  is  turned  on  at  the  predetermined  heating  rate  of  AO^C/min. 

When  the  upper  limit  temperature  of  500"C  or  800°C  is  reached,  it  is 
maintained  at  that  level  until  the  end  of  the  30-mln  test  period  or 
until  all  animals  die,  whichever  occurs  first.  Survivors  are  observed 
for  14  days  postexposure.  Mortality  is  recorded  at  10,  20  and  30  min 
to  provide  information  for  different  fire  situations.  Time  to  in- 
capacitation is  judged  as  the  time  to  the  first  observed  losses  of 
equilibrium,  prostration,  collapse,  or  convulsions.  Time  to  death  is 
judged  as  the  time  to  cessation  of  observable  movement  and  respiration. 

In  actual  tests  conducted  with  this  system  the  highest  temperature 
in  the  chamber  has  been  30.5°C  and  the  lowest  oxygen  concentration, 

15.0i',.  rhese  measurements  are  not  used  in  every  experiment.  They 
are  determined  in  various  experiments  at  random.  A fixed  weight  of 
each  material  is  pyrolyzed  under  a specific  set  of  conditions  so  that 
the  relative  toxicity  of  materials  can  be  ranked.  This  ranking  is 
based  on  such  criteria  as  mortality,  time  to  incapacitation,  and  time 
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to  death. 
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Birkv  et  aj^.  have  used  an  exposure  chamber  in  tests  of  animal 
exposures  to  larger  fires.  A 3"  diameter  exliaust  line  is  used  to 
transfer  combustion  products  from  the  fire  area  to  a motorized 
revolving  cage  wtiich  is  enclosed  in  a Plexiglas'S*  box.  The  cage 
contains  three  male  rats.  Each  rat  is  placed  in  a separate  compartment 
within  the  wiieel,  wliich  is  rotated  at  8 rpm.  Prior  to  the  experiment 
the  animals  are  trained  to  walk  in  the  wheel  in  two  5-min  training 
sessions  a day  for  5 davs.  I'wo  days  prior  to  each  test,  an  abdominal- 
aorta  cannula  is  surgically  placed  in  one  animal  so  that  blood  can  be 
rapidlv  removed  for  carboxyhemoglobin  determinations.  This  animal  is 
not  trained  to  walk  in  the  wtieel  prior  to  exposure.  Since  a large 
blood  sample  is  required  for  hydrogen  cyanide  determination,  one 
animal  is  sacrificed  for  this  purpose.  Sampling  ports  are  installed 
just  before  the  interface  of  the  transfer  line  at  the  animal  exposure 
chamber.  Sampling  for  continuous  analysis  of  carbon  monoxide,  carbon 
dioxide,  and  hydrogen  chloride  and  intermittent  sampling  for  hydrogen 
cyanide  takes  place  at  these  ports. 

(^aurael^  described  a system  in  wliich  physiological  data  on  rats  are 
collected  and  analyzed  during  large-scale  burn  tests  to  assess  the 
relative  toxicity  of  burning  materials  and  selected  extinguishing 
agents.  Instrumentation  for  measuring  electrocardiogram  (EGG), 
respiration,  and  cage  temperature  are  used.  This  system  has  a simple 
design  and  a relatively  low  cost.  It  is  easy  to  transport,  deploy, 
and  operate.  It  is  also  adaptable  to  a wide  variety  of  fire  test 
facilities.  Some  very  good  physiological  recordings  of  heart  and 
respiration  rates  have  been  obtained  in  a wide  range  of  testing,  from 
the  autonvat ic  discharge  of  extinguishing  agents  to  prolonged  (30  min) 
full-scale  burn  tests,  llie  exposure  chamber  is  equipped  with  rotary 
wheels  for  measuring  time  of  useful  function  (TUF).  (laume  observed 
additional  end  points  that  are  more  sensitive  than  TUF  and  are  also 
worthy  of  consideration  In  toxicity  screening.  These  include 
bradycardia,  cardiac  arrhythmias,  changes  in  respiratory  patterns, 
and  hiccups. 

Sumi  and  Tsuchiya'^^*^^  have  suggested  a method  for  evaluating  the 
toxic  hazard  from  experimental  data  on  decomposition  products. 

Toxicity,  t , of  a gaseous  compound  Is  defined  as  ^ = c/cf  where  c is 
the  concentration  of  the  gas  and  cf  is  the  concentration  of  the  gas 
that  is  fatal  to  man  in  30  min.  If  an  atmosphere  contains  two  or 
more  toxic  components,  a first  approximation  of  the  toxicity  is 
assumed  to  l>e  t = > tj.  If  synergistic  effect  is  confirmed,  it  can 
be  taken  into  account  by  using  the  expression  t_  = t j + t 2 + stit2 
where  s is  a synergistic  factor. 

The  propensity  of  different  materials  for  generating  harmful  gases 
and  vapors  can  be  determined  by  using  the  "Toxicity  Index"  concept. 

When  a material  of  weight,  W,  is  decomposed  in  volume,  V,  and  the 
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res'il'inv;  toxicil'.  ol  ihe  atmosphere  is  then  the  toxicity  index, 

1 , is  delined  as  T tV/W.  If  t lie  number  of  toxic  components  in  a 
mixture  of  decomposition  products  is  more  than  one,  T = + \'2  + etc., 

wliere  fj  and  I2  are  the  toxicity  indices  due  to  component  1,  component 
2,  etc.  I'hese  autliors  have  recently  stated  ttiat  they  believe  that 
animal  experiments  provide  the  best  data  from  wiiich  materials  that 
jtenerate  toxic  gases  can  be  regulated. Assessment  of  the  fire  tox- 
ici''.  ol  materials  does  not  account  for  all  the  harmful  components 
found  in  a tire  atmosphere;  therefore,  small  quantities  of  some 
exiremelv  toxic  components  can  be  overlooked. 

Hi rkv  has  discussed  the  philosophy  of  fire  toxicity  testing, 
lit  concluded,  as  did  MacFa  r la  iid  in  an  earlier  publication,^®  that  an 
assessment  of  the  toxicity  ot  combustion  products  from  various 
materials  is  verN  complex.  Chemical  analysis  of  the  pyrolvsis  or 
combustion  products  cannot  be  used  as  a basis  of  toxicity  assessment. 

The  effects  of  these  products  on  living  organisms  must  be  determined. 

He  out  lined  three  ma  jor  methods  required  for  the  assessment  of 
relative  toxicities  of  py ro lys i s /combust i on  products  of  materials, 
these  three  methods  are;  the  method  of  product  generation,  the  method 
oi  animal  exposure,  and  the  method  of  analysis  of  toxicants  and 
orrelation  with  toxicological  results.  Each  method  specifies  the 
mails  parameters  that  must  be  measured.  An  important  method  not  listed 
is  determination  of  toxicological  end  points. 

Sl'MMAKY 

ihe  methods  reviewed  in  this  report  represent  a spectrum  of 
approaches  currently  used  10  assess  the  toxicological  hazard  of 
materials  in  fires.  Some  of  the  important  characteristics  of  the 
majority  of  these  methods  are  tabulated  in  Table  II.  The  burn  condi- 
tions vary  from  pyrolysis  conditions  to  ignition  with  a flame.  A 
standard  method  has  been  adopted  in  the  Federal  Republic  of  (iermany; 
however,  it  is  limited  to  smoldering  conditions.  Several  other  methods 
use  oulv  pyrolyzing  conditions;  some  are  at  fixed  t empera t ures , 
while  others  are  pyrolyzed  by  increasing  temperature  linear  with  tirae.^’^® 
Other  methods  use  combustion  conditions  only . 

F.xposure  conditions  are  equally  variable.  In  a few  cases, 
combustion  and  exposure  occur  in  the  same  chamber;  however,  the 
majority  of  the  methods  involve  the  transfer  of  the  pyrolysis/combustion 
gases  into  a separate  chamber.  The  large  system  designed  by  Dressier*^ 
uses  large  samples  and  the  combustion  products  travel  long  distances 
through  Pyrex"  tubes  and  are  routed  around  corners.  This  may  remove 
significant  amounts  of  materials  prior  to  animal  exposure.  Nunez  and 
Aiitian’’"’  use  a quartz  furnace  tube  that  is  connected  by  a Teflon  tube 
to  the  animal  chamber.  In  this  method,  only  pyrolysis  products  whose 
lifetimes  exceed  lb  sec  are  breathed  by  the  rats.  Nunez  and  Autian 
also  point  out  that  this  technique  may  be  too  slow  to  be  compatible 
with  a "real  fire"  situation. 
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Table  II.  Suraniarv  of  Selected  Methods 
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Kxposlire  t iraes  varv  from  a few  minutes  to  2 hr;  however,  the 
majority  range  from  15  to  30  min.  Cornish  ^ have  developed  two 

systems  and  have  used  them  in  the  same  laboratory.  When  the  same 
polymers  are  evaluated  by  the  two  methods,  extremely  different  results 
are  obtained  This  emphasizes  the  requirement  for  a "standardized" 
test  svstem  using  comparision  standards,  if  materials  are  to  be  compared 
in  different  laboratories.  It  also  underscores  the  limited  conclusions 
that  can  be  reached  from  a single  experimental  protocol. 

A multiplicity  of  end  points  is  used;  however,  the  most  common 
are  mortality,  time  to  incapacitation,  and  time  to  death.  Mortality 
includes  the  death  of  animals  occurring  during  the  test  period  and 
those  that  occur  from  2 to  14  days  after  exposure.  A number  of 
investigators  consider  that  time  to  incapacitation  is  an  important 
end  point.  Techniques  to  measure  incapacitation  include  the  swiiTiming 
test  of  Kimmerle,2j  performance  in  a rotarv  whee 1 , ^ ^ ^ conditioned 
avoidance  response^^  and  simple  observations.^^  The  time  to  death  has 
been  determined  by  observation  and  by  physiological  measurements  such 
as  the  p lethysmograph  used  by  Alarie  e^  §_1- ^ Most  of  these  end  points 
have  not  been  evaluated  for  sensitivity,  accuracy,  or  reproducibility. 

Ihe  various  methodologies  used  for  product  generation,  exposures, 
and  end  points  prevent  any  comparison  of  data  obtained  on  the  same 
polvmeric  materials  that  have  been  investigated  in  more  than  one 
laborat  orv. 

iiased  on  this  review,  the  committee  has  concluded  tiiat  acceptable 
screening  tests  to  evaluate  the  relative  toxicities  of  polvmeric 
materials  are  not  available.  All  present  methods  have  one  or  more 
shortcomings.  Many  of  the  methods  described  in  this  report  were 
designed  for  research;  they  were  not  intended  for  use  as  screening 
methods . 
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III.  RKCOMMKNDKD  Cl'IDHUNKS  ON  NffmionOUKIY 

llte  committee  has  developed  guidelines  for  a screening  procedure 
to  evaluate  the  toxicity  of  the  py ro lys i s ^combus I i on  products  of 
polvmeric  materials.  Its  objectives  are  to  suggest  a standard  method 
for  pvrolvzing  or  burning  samples  that  will  simulate  the  noxious 
atmospheres  that  could  be  encountered  in  "real"  fires  and  to  specify 
s t an<la  rd  i zed  exposure  conditions  and  end  points  for  first-level 
screening  of  materials. 

PYROLYSIS /COMBUSTION  CONDITlttMS 

Since  pvrolysis  and  combustion  occur  under  an  almost  infinite 
number  of  actual  conditions,  the  laboratory  simulation  should  bracket 
likely  conditions  and  should  attempt  to  simulate  the  worst  case  that 
could  occur  in  "real"  fires.  Fire  reaction  processes  generally  involve 
oxidation  and 'or  decomposition,  so  that  the  product  molecules  are 
breakdown  or  oxidation  products  of  the  original  material.  The  two 
major  variables  are  heat  transfer  to  the  sample--particularly  by 
radiation,  which  controls  surface  temperature--and  the  availability 
of  oxygen.  The  two  extren.es  are  free  burning  of  the  sample  with 
ready  access  of  air  and  pyrolysis  under  reducing  conditions;  therefore, 
specimens  should  be  tested  under  both  pyrolysis  modes  and  flaming 
combust  ion. 

Temperatures  in  free  burning  will  be  high  and  the  molecules 
relatively  simple  and  usually  predictable  by  thermodynamic  methods. 
rhe  common  toxic  substances  are  carbon  monoxide,  hvdrogen  cyanide,  and, 

! where  halogens  are  present,  hydrogen  halides  and  free  halogens.  The 

j inhalation  toxicity  of  these  individual  gases  is  reasonably  well 

I unders t ood . Synergisms  undoubtedly  exist,  but  they  are  yet  to  be 

( clearly  demonstrated.  Of  these  gases  the  most  common  lethal  agent  is 

‘ carbon  monoxide.^  If  conditions  are  rich  enough  to  produce  soot,  the 

absorption  of  gases  on  particles  that  are  carried  into  the  lungs  and 
subsequent  Iv  liberated  may  be  a serious  problem. By  contrast, 

I pvrolysis  of  material  in  atmospheres  of  low  oxygen  concentration  under 

I reducing  conditions  is  poorly  understood.  Here,  depending  on  the 

level  of  heating  (radiant  or  convective),  complex  species  can  be 
volatilized  or  produced  and  the  prediction  of  products  is  difficult. 

« 

■ For  the  limited  goal  of  a screening  test,  heat  fluxes 

ft emperat ures ) should  be  chosen  at  three  levels  - one  just  above  that 
necessary  to  sustain  pyrolysis,  one  just  below  that  required  for 
flaming  combustion  with  normal  oxygen  concentration,  and  one  that 
supports  flaming  combustion  when  supplied  with  a source  of  ignition. 

If  a furnace  is  used,  the  static  temperatures  prior  to  introducing 
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f tu‘  specimen  stunilci  he  recortletl.  If  a radiant  tieat  source  is  used, 
the  flux  should  be  califtrated. 

I'he  heating;  mode  is  not  specified  in  the  committee's  recommenda- 
tions since  the  chemical  decomposition  is  not  governed  explicitly 
b\'  the  mode  ot  heat  transfer.  Therefore,  the  apparatus  for  burning 
or  pvrolvzing  the  sample  need  not  operate  in  a purely  radiant  or 
conductive  mode;  rather,  it  should  be  reproducible  and  relatively 
simi'le  in  construction,  characterization,  and  operation.  For  this 
reason,  the  committee  prefers  a shallow  furnace  with  a weighable 
sample  cvip  over  elaborate  radiant  heating  devices.  The  furnace 
should  provide  a uniform  temperature  in  the  sample  region  and  be 
designed  so  that  undue  condensation  and  repyrolysis  of  the  sample 
witliin  the  test  chamber  are  avoided.  lemperature,  radiation  flux, 
or  some  other  characteristic  parameter  should  be  monitored  to  ensure 
constanev  of  conditions.  The  cup  should  be  of  resistant  material  such 
• is  quartz  or  aluminum  oxide. 

The  sample  should  be  prepared  in  a standard  manner  and  its 
physical  properties  reported.  Weight,  volume,  subdivision,  porosity 
and  geometry  should  be  recorded.  Sample  size  should  be  scaled  so 
that  it  reaches  the  specified  test  end  point  within  30  min.  The 
I sample  should  be  introduced  rapidly  into  a preheated  furnace  or  a 

preset  radiant  flux.  The  time  of  pyrolysis  or  combustion  should  be 
short  compared  with  the  animal  exposure  time.  Pyrolysis  or  combustion 
time  and  the  weight  and  character  of  any  residue  should  be  reported. 

1 he  dose  should  be  expressed  as  the  amount  decomposed  in  the  chamber 
volume  in  units  of  mg/m^. 

AM  MAI.  KXP0SURI-:  CONDITIONS 

A single  chamber  for  both  pyro  lys is /combust  ion  and  animal  exposure 
is  highly  desirable.  both  static  and  dynamic  chambers  are  feasible; 
j however,  the  committee’s  opinion  is  that  the  single  static  chamber  with 

I Integral  pyrolysis  furnace  is  a simple  approach  that  provides  more 

realistic  information.  This  not  only  approximates  the  real  fire 
situation  but  prevents  large  losses  of  combustion  particles  and  gases 
I on  the  walls  of  anv  transfer  apparatus.  The  sample  holder  and  pyroivsis 

elements  should  be  enclosed  in  the  exposure  chamber  as  close  to  the 
i animal  area  as  practical,  consistent  with  providing  thermal  shielding 

I from  heal  and  hot  gases.  Adequate  mixing  of  toxic  gases  and  particulates. 

I either  bv  convection  or  mechanical  agitation,  is  required.  Other  means 

I ol  temperature  control  at  the  location  of  the  exposed  animals  may 

T include  size  of  the  chamber  and  the  placement  of  the  py  ro  lys  i s ’’’combus  t i on 

I uni t . 

The  chamber  should  be  airtight  to  prevent  toxic  gases  from 
leaking  into  the  laboratory;  however,  there  should  be  a safety  pressure 
relief  diaphragm  vented  to  a laboratory  hood.  Construction  materials 
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should  he  inert  and  easv  to  clean  between  runs.  (Hass  is  an  excellent 
choice  except  for  f I uoropo 1 vmers , which  generate  molecules  that  attack 
the  glass  surface.  Care  should  be  taken  to  avoid  reaching  explosive 
limits  during  pvrolvsis.  Safetv  precautions  should  he  outlined. 
Compliance  bv  operating  and  cleaning  personnel  should  be  enforced. 

A small  rodent  species,  such  as  the  rat  or  mouse  or  a combination 
of  both,  should  be  used  as  the  animal  models.  Enough  animals  must 
be  used  at  each  exposure  condition  to  give  statistically  valid  results. 

The  exposure  time  should  range  from  15  to  30  min,  preferably 
30  rain.  Measurement  of  exposure  time  should  begin  at  the  time  pyrolysis 
or  combustion  is  initiated. 

In  addition  to  temperature,  carbon  dioxide,  carbon  monoxide, 
humiditv,  and  oxvgen  levels  should  be  monitored  in  the  chamber  during 
exposure.  I'he  oxvgen  should  be  maintained  above  167,.  This  is  usually 
accomplished  by  limiting  sample  size.  Other  expected  toxic  degrada- 
tion products  such  as  hydrochloric  acid  or  hydrogen  cyanide  should  be 
monitored.  The  optical  density  should  be  recorded  as  a measure  of 
smoke  obscuration.  Additional  analyses  for  volatile  gases  may  be 
desirable  as  an  indication  of  reproducibility  of  pyrolysis/combustion 
and  for  deducing  the  mechanism  of  intoxication. 

END  POINTS 


The  end  points  for  toxicity  tests  in  animals  should  be  applicable 
to  the  interpretation  of  effects  in  humans.  Incapacitation  is  con- 
sidered to  be  the  most  important  end  point  as  this  is  related  to  the 
abilitv  to  escape  from  the  fire.  Next  in  importance  would  be  the 
latent  impairment  of  organ  function  or  damage  to  organ  structure. 

Rats  and  mice  are  generally  used  because  of  practical  considerations. 
The  end  points  that  can  be  measured  in  animals  are  as  follows; 

1 ncapacitat ion.  The  time  of  useful  function  (TUF)  has  been 
used  to  indicate  the  time  available  for  a person  to  escape  the  fire 
environment  before  incapacitation  by  fire  gases.  Animal  end  points 
that  can  be  related  to  TUF  should  be  measured.  Incapacitation  of 
animals  has  been  measured  by  many  techniques  including  mechanically 
rotated  activity  wheels;^^  the  conditioned  avoidance  response,  wliich 
measures  an  animal's  avoidance  of  foot  placement  against  a constant 
electric  shock;39  and  failure  of  a trained  animal  to  respond  to  a 
buzzer  and  to  withdraw  from  one  shuttle-box  compartment  to  another 
compartment  to  avoid  electric  shock. ^ Another  measurement  is  the 
ability  of  an  animal  to  maintain  its  position  on  a rotorod  to  avoid 
the  shock  that  would  result  If  it  were  to  fall  from  the  rod  onto  an 
electric  grid.^^ 
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Mortal  it  y . Doatli  during;  exposure,  or  I rom  24  lir  to  2 weeks  alter, 
may  be  related  to  concentration  ol  the  substance  and  the  duration  oi 
exposure.  From  these  an  b(;50  lor  a specified  Lime  of  exposure  may  be 
de  r i Vl'd  . 

1 r r i t anc  y . I'liis  may  be  judged  subjectively,  by  a magnitude 
estimation  .scale  in  human  exposures,  or  objectively,  by  measurements 
such  a.s  tin;  amount  ol  afferent  sensory  nerve  traffic  in  animals.  It 
also  may  be  estimated  by  measuring  reflex  changes  affecting  visceral 
functions.  These  i-fii'Cts  may  be  mediated  by  the  parasymjjathet  ic  or 
sympathetic  nervous  system,  or  by  other  mechanisms  such  as  the 
"llering-Hreuer"  response,  or  components  of  the  J-re.flex  of  Paintal.38 
The  asutunt  ol  irritancy  iiuty  also  be  measured  from  the  resultant  tissue 
r^  action  a.s  reflected  in  the  gross  or  microscopic  appearance  ol  the 
tissues  of  the  eyes,  airways,  or  lungs.  Kespiratory  frequency 
(inhibition  of  rate  or  depth  of  breathing)  was  described  by  Kratscltmer^ 7 
and  reviewed  by  Alarie.^  During  exposure,  sensory  irritation  by 
decomposition  products  has  been  assessed  by  measuring  the  respiration 
rat. 


Morbidity.  Observation  of  animal  beltavior  and  physical  condition 
during  and  after  exposure  by  a qualified  investigator  can  detect  the 
presence  of  convulsions  and  other  signs  of  morbidity.  Carbo.xyhemoglob in 
levels  at  the  end  of  e>rposure  can  indicate  if  Lite  toxic  response  is 
due  to  carbon  monoxide  concentration  or  to  otlier  toxic  components  in 
t lu-  combustion  products.  Cross  and  microscoitic  pathological  findings 
at  24  hrs  or  2 weeks  alter  exposure  can  give  infomation  on  the 
mechanisms  of  damage  and  the  target  organs. 


Pathophysiology . Another  main  group  of  criteria  for  end  point  of 
effect  would  be  functional  abnormalities  of  the  bcjdy  tliat  could 
contribute  to  incapacitation  as  described  above.  First  are  those 
functions  required  for  escape,  e.g.,  vis  ion, hear ing  (it  needed  to  locate 
exits),  and  respiratory,  circulatory,  and  central  nervous  systems; 
others  liave  to  do  with  latent  impairment  of  function  of  Llie  kidneys, 
liver,  and  central  nervous  systems.  Caumel7  lias  measured  bradycardia, 
cardiac  arriiytlimias , and  cliange  in  respiratory  patterns. 


All  these  criteria  would  relate  to  or  be  translated  more  to 
healthy  humans  than  tliosc  who  have  specific  diseases  (e.g.,  coronary 
insufficiency,  pulmonary  insufficiency,  or  intoxication  by  alcohol, 
drugs,  or  other  soporifics).  Tlie  mechanism  for  comparison  of  animal  witii 
tinman  data  depends  on  juxtaposition  of  dose- response  relationships  in 
nonjirimates  and  liumans.  This  is  possible  in  estimates  of  sensory 
stimulation  as  lor  odors  in  cranial  nerve  1 (Cr  1),^^  for  eye  or  nasal 
irritation  (Cr  V),^  and,  to  some  extent,  for  the  effects  of  lower  airway 
responses  to  such  irritants  as  sulfur  dioxide  or  sulfates  on  airway 
rei.i  stance  (at  ferent  Cr  IX,  efferent  Cr  X).'^>33 
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Ill  I lu'  opinion  ot the  committc-e , the  simplest  iind  least  costly 

measurements  should  he  tliose  made  most  frequently;  the  more  difficult 
or  costly  ones  should  be  reserved  for  understanding  of  mechanisms  and 
resolution  ot  special  problems  that  arise.  The  committee  specifically 
recommends  that  the  chosen  end  points  provide  a measure  of  both 
incapacitation  an<l  delayed  eflects.  As  a minimum,  the  end  points  of 
a screening  test  sliould  be  as  follows; 

• Observat ion- -Observat ions  of  animal  behavior  and  physical 
condition  during  and  alter  exposure  are  extremely  important; 
thus,  tliese  should  be  done  by  a qualified  investigator.  Some 
type  ot  quantitative  test  may  be  required  to  evaluate  obser- 
vations made  by  tlie  investigator. 

• Incapac i t at i on-- 1 ncapac it  at  ion  should  be  measured  using  a 
rotating  wheel  or  an  equivalent  test.  Measurements  should 
be  reproducible,  sensitive,  and  valid.  Packham  et  al.37 
have  reported  that  the  activity  wheel  and  a conditioned 
leg- flexion  avoidance  response  are  rcproduciljle  paradigms 
tor  carbon  monoxide  toxicity.  Measurement  ot  sensory 
irritation  may  provide  a basis  for  assessing  incapacitation. 
Hie  rotating  wliec;l  or  an  equivalent  test  is  a tentative 
recommendation  until  a more  valid  measure  of  incapacitation 
is  determined- 

• Mortal i ty- -Deaths  during  exposure  and  those  occurring  within 
IT  days  postexposure  should  be  recorded.  Postexposure 
observations  and  mortality  arc  a simple  approacli  to  investiga- 
ting delayed  effects. 

• Carboxydiemoglob in  determinat ion- -Carboxyhemoglobin  levels 
sliould  be  measured  at  the  end  of  the  exposure  to  determine 

it  the  toxic  response  is  due  to  carbon  monoxide  concentration 
or  to  other  toxic  components  in  the  comliustion  products. 

the  second  ecliclon  should  be  used  for  more  definitive  and  mecliani 
tic  studies,  and  includes:  blood  pH,  partial  pressures  of  oxygen  and 
carbon  dioxide,  and  blood  cyanide;  elect rocardigram;  respiratory 
record  by  plethysmograpli ; organ  functions;  and  gross  and  microscopic 
pathology,  Tlie  animal  data  obtained  by  some  or  all  of  these  metliods 
should  be  interpreted  as  well  as  possible  in  terms  of  human  ability 
to  see  or  to  hear  the  direction  for  escape,  to  judge  a course  of 
action,  to  move  from  or  remain  in  the  area,  and  to  avoid  serious 
sequelae  that  affect  the  heart,  lungs,  liver  and  kidney.  This  would 
pertain  to  normal  healthy  people  as  well  as  to  those  especially 
'at  risk'  from  preexisting  conditions  sucli  as  old  age,  coronary  heart 
disease,  or  otlier  disabilities. 

Relative  toxicity  of  materials  sliould  be  determined  on  the  basis 
of  dose- response  relationships  in  animals  (Fig. I).  A steep  slope 


PERCENT  MORTALITY 


ion 


I Kil  Kl  I < umpjiison  nl  iniirlalily  priKluced  al  dose  levels  \ Y,  and  /.  hs  siibslanees  A and  U 


2 


(high  exponent)  indicates  a low  margin  of  safety  between  the  onset  of 
toxic  signs  and  more  severe,  possibly  lethal,  effects.  A shallow 
slope  (low  exponent)  indicates  a wider  margin  of  safety  between  the 
onset  of  signs  and  severe  effects.  A "saturated"  response  level  in- 
dicates tlie  maximum  response  that  can  be  obtained  from  any  level  for 
the  duration  of  the  exposure.  Sideways  displacement  to  right  in- 
dicates that  more  material  is  required  to  saturate  tlie  receptor  sites 
or  tliat  normal  enzvmes  compete  for  those  sites. 

Toxicity  data  should  be  relatable  to  human  capability  for  escape 
and  effective  survival.  This  requires  tlie  comparison  of  different 
test  materials  with  reference  materials.  The  latter  may  be  either  a 
defined  material  in  common  use  or  a reference  material,  currently  used 
for  a particular  purpose,  that  is  being  considered  for  replacement  by 
the  new  material  to  be  tested  against  it.  In  addition,  the  absolute 
toxicitv  can  sometimes  be  judged  in  relation  to  the  fire  conditions 
that  might  occur,  the  amount  of  material  that  would  be  used,  and  the 
amount  of  this  material  evolved  or  combusted  under  these  circumstances. 


IV.  SUMMARY  AND  RHSKAROI  REGOMMENDAT IONS 


SUMMARY 

Hie  methods  currently  being  used  for  evaluating  the  toxicity  of 
p . ro  I vs  i s '^corabust  ion  products  ftave  been  reviewed.  These  metliods 
include  those  designed  primarily  for  research  and  tltose  designed  for 
scre«>ning  tests.  llie  burn  conditions  vary  from  smoldering  to  flaming, 
exposure  conditions  and  times  are  variable,  and  the  majority  of  methods 
involve  transfer  of  products  to  separate  exposure  chambers. 

Because  oi  tlie  variety  of  burn  conditions,  exposures,  and  end 
points,  quantitative  comparison  of  data  on  the  same  polymeric  materials 
cannot  be  made  among  laboratories. 

Ihe  Comnittee  on  Fire  Toxicology  has  concluded  that  acceptable 
screening  tests  to  evaluate  the  relative  toxicities  of  the  pyrolysis/ 
combustion  products  of  materials  are  not  currently  available,  as  all 
present  methods  have  one  or  more  siiort  comi  ngs . f'fie  slat  e-of -knowledge 
is  not  advanced  suflicientlv  for  the  committee  to  recommend  a standard 
procedure  for  eval'iating  the  toxicitv  of  pvro lys i s 'combust i on  products. 
It  has,  however,  prepared  the  following  guidelines  for  developing  the 
needed  met  hodo log'.  . 

A.  Materials  should  be  evaluated  under  both  pvrolysis  and  flaming 
conditions.  Both  gaseous  and  particulate  combustion  products  should 

be  mixed  iiniformT.-  in  the  chamber  atmosphere  without  being  unduly 
subjected  to  surface  cttndensat  ion.  Therefore,  it  is  highly  desirable 
to  use  one  chamber  for  both  pyrolysis  and  animal  exposure. 

B.  Small  rodent  species  such  as  rats  or  mice  should  be  used  as 
the  animal  model.  Enough  animals  to  give  s t a t i st i ca  1 ly  valid  results 
must  be  used  at  each  exposure  condition.  The  time  of  exposure  should 
be  in  the  range  of  15  to  30  min,  preferably  30  min.  The  temperature 
in  the  animal  exposure  chamber  should  not  exceed  35°C  and  the  oxygen 
level  should  be  maintained  above  167,. 

C.  Incapacitation  is  considered  to  be  the  most  important  end 
point  since  it  should  be  directly  related  to  escape  capabilitv. 
laboratory  animals  should  be  held  for  2 weeks  post  exposure  and 
observed  for  behavioral  and  physical  changes  as  a measure  of  latent 
ef  fects. 
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I).  As  a miiumiim  st-i  ol  parameters,  t eiiipvra  t lire , carbon  monoxide, 
carl>on  dioxide,  aid  Immidilv  stioiild  ire  moiii'ored  in  the  cliamber  during 
exposure  ol  animals.  'iiber  toxic  degradation  products  such  as  hydrogen 
c'nloritle  or  Indrogeii  c anide,  which  could  be  anticipated  because  of 
the  t pe  oi  pol-.mer  under  test,  should  also  be  monitored.  Further, 
t!ie  smoke  densit.-  in  the  animal  chamber  sliould  be  measured  as  a 
function  of  time  following  initiation  of  pv ro I y s i s 'combus t i on  of  the 
ma  t e r i a 1 . 

E.  Relative  loxicitv  ol  material  should  be  determined  by  com- 
paring test  materials  witli  reference  materials,  either  those  currently 
in  use  or  candidate  materials,  rather  tlian  attempting  to  make  absolute 
t ox i c i t V evaluations. 

i^t :t)MMK.M)El)  research 

he  review  of  the  fire  toxicology  literature  clearly  indicates 
that  additional  research  is  required  before  a standard  procedure  for 
tire  toxiciiv  testing  can  be  established.  The  committee  recommends 
t’e  following  areas  of  research. 

1.  Kxpv'sure  chambers  equipped  with  pyrolysis/combustion  apparatus 
should  be  built  according  to  the  committee's  recommendation  in  order  to 
validate  the  general  methodology.  More  elaborate  measures  than  the 
ones  discussed  in  this  report  may  be  useful  to  evaluate  the  suitability 
of  tes'  paiameiers  for  characterizing  the  toxicity  of  materials. 

2 I he  extent  of  mixing  and  effects  of  stratification  should  be 
investigated  b>.  temperature  and  gas  mapping  during  typical  runs  of  the 
test  svstem.  If  stratification  appears  serious,  a fan  or  other  mixing 
device  or  redesign  may  be  required. 

3.  /he  temperature  and  the  flow  of  the  thermal  plume  above  the 
lurnace  or  radiant  heater  and  the  rate  at  which  the  thermal  wave 
penetrates  the  sample  should  be  measured. 

4.  rhe  effects  of  subdivision  of  the  sample  (powder  and  foam  vs 
bulk  material)  should  be  investigated. 

5.  Research  should  be  conducted  to  determine  which  end  points  in 
animal  models  are  most  applicable  to  the  evaluation  of  comparative 
toxicity  of  pyro lys i s /combus t ion  products  and  to  the  extrapolating  of 
these  data  *o  both  immediate  and  delayed  response  in  humans.  Particular 
emphasis  should  he  placed  on  developing  simple  reproducible  techniques 
for  assessing  incapacitation. 

6.  basic  research  should  continue  on  fire  toxicology  methodologies 
and  mechanisms  to  provide  a scientific  basis  for  improved  methods  in  the 
future. 
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